Abstract-Nowadays, a wind turbine generator (WTG) is required to provide control capabilities regarding an output power. Under this scenario, this paper presents a frequency control method by coordination control of the WTG and a battery using load estimation by a disturbance observer for isolated island. The load variation is reduced by the WTG using pitch angle control in low frequency domain and the battery charge/discharge in high frequency domain. The output command for the battery is determined according to the battery energy storage ratio, the high frequency component of the frequency deviation and the load variation. By using the proposed method, the rated capacity of the battery can be reduced by reducing charge/discharge in long-term. Besides, generalized predictive control (GPC) is applied in the pitch angle control system of the WTG to obtain good response and robustness. Simulation results demonstrate the validity of the proposed method.
I. INTRODUCTION
Electric power for isolated islands is mainly supplied by diesel generators. In recent years, there have been problems such as exhaustion of fossil fuel, e.g., coal and oil, and environmental pollution resulting from consumption of these fuels [1] . In addition, heavy oils incur fuel, transport, and storage cost. In order to overcome these problems, a wind turbine generator (WTG) can be installed for small power systems in isolated islands.
However, wind energy is not constant and windmill output is proportional to the cube of wind speed, which makes the generated power of the WTG to fluctuate. If the WTGs are substantially installed for a small power system, the output fluctuation may cause frequency and voltage deviation. Therefore, a provision is needed for these problems. Pitch angle control is used for output power control in mediumsize to large-size WTG. Several control methods for output power smoothing of the WTG by pitch angle control have been reported in [2] - [5] , however, the captured power from a windmill is substantially decreased. Therefore, the effective output power control method for the WTG is needed. On the other hand, a battery storage energy system (BESS) with the WTG is installed for small power systems to reduce the adverse effects of frequency deviation [6, 7] . However, if a large battery is installed in a power system, the capital cost for the WTG system will increase. Hence, the smaller size of battery should be preferable to reduce the capital cost.
On this regard, this paper presents a frequency regulation method by coordination control of the WTG and the battery using load estimation by a disturbance observer in a small power system. In the proposed method, the load variation is reduced by the WTG using pitch angle control in low frequency domain and the battery charge/discharge in high frequency domain. The output command of the battery is determined according to the battery energy storage ratio, the high frequency component of the frequency deviation, and the estimated load. By using the proposed method, the rated capacity of the battery can be reduced by reducing charge/discharge in long-term. The output command of the WTG is based on the low-frequency component of wind speed and the estimated load. The accurately measured or forecasted values of wind speed are not needed for the proposed method. Besides, generalized predictive control (GPC) is applied in the pitch angle control system of the WTG to obtain good response and robustness. The effectiveness of the proposed method is verified by simulation results using MATLAB R /SIMULINK R . Fig. 3 . System configuration of windmill and generator.
II. SMALL POWER SYSTEM MODEL
The small power system model [8] used in this paper is shown in Fig. 1 . This system consists of a diesel generator, the WTG with the BESS. These power facilities supply power for load demand. The small power system is not connected to a large power system and it is assumed that the isolated power system is always operated independently. As a frequency control method of the power system, the flat frequency control (FFC) method, which is used mostly for stand alone power systems, is adopted. The FFC has an integral control loop and can reduce power system frequency deviation, Δf . P L , P d , P c and P e in Fig. 1 are load, output of diesel generator, combined output of the WTG and the battery, supply power error, respectively. In this paper, the system capacity is 687.5kW.
A. WTG System.
A WTG system diagram [4] is shown in Fig. 2 . The windmill output P w is determined by the following equation:
where V w is the wind speed, ρ is the air density, A is the crosssection of rotor for windmill, and C p is the power coefficient, β is the pitch angle of blade, λ =
Rω
Vw is the tip speed ratio that includes the angular speed ω of the rotor, and the radius R of a windmill. ω is given by
where J is the moment of inertia for a windmill. In this paper, a squirrel-cage induction generator is used. Generator output P g can be expressed by
where V is phase voltage, s = resistance, R 2 is the rotor resistance, X 1 is the stator reactance, and X 2 is the rotor reactance. The system configuration of the windmill and generator is shown in Fig. 3 . A pitch angle control system and a hydraulic servo system is shown in Fig. 4 . Subtracting of the output command of the WTG, P * g , from the output of the WTG, P g , gives the output error of the WTG, e, that evaluates the pitch angle command β CMD via the pitch angle control system. The output of the WTG is controlled by the hydraulic servo system that drives the blades according to the pitch angle command β CMD . The time constant T c is 1s. The pitch angle command β CMD is limited by limiter within 10
• -90
• . In the conventional method for output power controlling of the WTG, the output power command of WTG is constant at 275kW. In addition, the pitch angle β operates in the region between the rated wind speed and the cut-out wind speed, and β is constant at 10
• in the region between the cut-in wind speed and the rated wind speed. Therefore, the output power of the WTG is proportional to the fluctuation of wind speed in the region between the cut-in and rated wind speed. Thus, in order to achieve the output power controlling of WTG, the pitch angle control law needs to be extended for all operating regions as shown in Fig. 5 . In this paper, the pitch angle control law for all operating regions described in [4] is used. The WTG system using generalized predictive control (GPC) with pitch angle control system [4] is shown in Fig. 6 . u 1 and u 2 in Fig. 6 are the control input of the pitch angle control system and the control input of self turning regulator (STR) with GPC respectively. For these adaptive control methods, the effectiveness of the GPC is shown in previous work [4] . The parameters of the windmill, the WTG, the small power system, and the control parameters of GPC are shown in Table I .
B. Battery Model.
The battery model used in this paper is shown in Fig. 7 . The battery is modeled as a first-order lag system and the time constant T b is 0.3s. In addition, the energy storage ratio of the battery is calculated from the integrator. The rated capacity of the battery is 200kWh, and the rated capacity of the inverter is 137kW (0.2pu).
III. OUTPUT COMMAND SYSTEM
This section presents the output command system of the WTG and the battery, respectively. First, the disturbance observer is explained. Second, the configuration of the output command system of the WTG and the battery using the load estimated by the disturbance observer is explained.
A. Disturbance Observer.
A state-space equation is derived for the small power system shown in Fig. 1 [9] . The disturbance observer is constructed to estimate the load, P L , which is the disturbance in the power system. Where the state variable of the load,Ṗ L , isṖ L = 0. The state-space equation is expressed as: where
T as the state variable vector (x 1 is the frequency deviation, Δf , x 2 is the output of diesel generator, P d , x 3 is the governor output,
T is the input signal vector (u 1 is input of governor, u 2 is the output of WTG), and y is the frequency deviation, Δf . The disturbance observer, referred in [9] , is shown in Fig. 8 . The equivalent state-space equation of disturbance observer may be expressed aṡ z =Âz + Ky +Bû x = Dz + Hy (8) where the poles of the observer are determined by trial and error (γ 1 = −0.2, γ 2 = −10, γ 3 = −20). The estimated load, P L , can be obtained by using this disturbance observer.
B. Configuration of Output Command System.
This section explains the configuration of the output command system of the WTG and the battery, respectively. The output command system of the battery is shown in Fig. 9 . The load estimated by the disturbance observer is greater than the rated output of the WTG and the battery. Therefore, 
where the integral interval T is 100s. The output command of the battery, P * b , is determined by three inputs, which are the fluctuation component of the estimated load, ΔP L , the frequency deviation, Δf , and the energy storage ratio of the battery, ξ. To reduce charging and discharging of the battery in long-term, a high-pass filter (HPF), which has the time constant of 1s, is used. The proposed output command system achieves the frequency control, reduction of the rated capacity of the battery, and the energy storage control. Parameters of PI controllers used in this system are determined by ultimate sensitivity method. The parameters are shown in Table II . The output command system of the WTG is shown in Fig. 10 . In (1) and (2), the windmill output P w = T w ω w and the generator output P g = T g ω e . In steady state, if the energy loss of the induction generator is neglected, P w = P g and P w can be approximated [4] by
In (10), d 1 and d 2 are expressed as a function of the pitch angle β. When β is at 10 • , the captured energy from a windmill is maximized. In a real system, the accurate measuring or forecasting of wind speed is not easy, therefore, we use the lowfrequency component of wind speed, V w low , with the help of a low-pass filter for calculating the output of the WTG. The time constant of the low-pass filter is 10s. P base is the output of the windmill captured from V w low . The output command of the WTG, P * g is based on P base and the fluctuation component of the estimated load in low frequency domain, ΔP L low . ΔP L low is obtained with low-pass filter, which has the time constant at 1s. By using the proposed output command system, the output power of the WTG, P g , is controlled according to the wind and load conditions. By coordination control of the WTG and the battery in frequency domain, the output fluctuation of the diesel generator is reduced.
IV. SIMULATION RESULTS
In this section, the effectiveness of the proposed method is examined by the simulation results. In the simulation results, the proposed method is compared with the conventional methods, for case 1 and case 2. In case 1, the battery and the disturbance observer are not installed in the small power system and the output command of the WTG, P * g , is constant at 275kW (0.4pu). In case 2, the battery is installed in the small power system without the disturbance observer and P * g is constant at 275kW (0.4pu). In addition, the inputs of the output command system of the battery are the frequency deviation and the energy storage ratio without the low and high-pass filter. The simulation result with the proposed method is shown as case 3.
A. Simulation Results with Case 1 and Case 2
The wind speed and the load used for all cases are shown in Figs. 11(a) and (b) , respectively. In Fig. 11(b) , the load estimated by the disturbance observer is shown. As can be seen from Fig. 11(b) , the estimated load is in accordance with the actual load. The simulation results are shown in Fig. 12 for Case 1 and Case 2. The output of the WTG is shown in Fig. 12(a) . When wind speed is greater than the rated wind speed 12.5m/s, the output of the WTG is constant at 0.4pu by the pitch angle control as shown in Fig. 12(b) . However, when wind speed is smaller than 12.5m/s, the output of the WTG fluctuates. Figs. 12(c), (d) , (e), (f) and (g) are the output of the battery, the energy storage ratio of the battery, the combined output of the WTG and the battery, the output of the diesel generator and the frequency deviation, respectively. In Case 1, the output of the diesel generator substantially fluctuates due to the output fluctuation of the WTG since the battery is not installed. Therefore, the frequency also fluctuates within ±0.5Hz. As for Case 2, the output fluctuation of the WTG is compensated by the battery charge/discharge (shown in Fig. 12(c) ), the output of the diesel generator is smoothed. However, the operating region of the battery is not limited by the high-pass filter, therefore, large battery capacity is needed for the frequency control.
B. Simulation Results with Case 3
The simulation results are shown in Fig. 13 for Case 3. Figs. 13(a) and (b) are the output of the WTG and pitch angle. The output command of the WTG varies according to wind speed and load condition and the output of the WTG is controlled by pitch angle control. On the other hand, it is confirmed that the output of the WTG is sometimes lower than the output command of the WTG when rapid change of wind speed is occurred. However, the battery appropriately compensates this shortage by charge/discharge as shown in Fig. 13(c) . In addition, the rated capacity of the battery is reduced as the charge/discharge in long-term is reduced compared with the conventional method. Figs. 13(d) and (e) are the energy storage ratio of the battery and the combined output of the WTG and the battery, respectively. By using the proposed method, the deviation of the energy storage ratio of the battery is smaller than that of the conventional method. The output of the diesel generator and the frequency deviation are shown in Figs. 13(f) and (g). As can be seen from these figures, the output fluctuation of the diesel generator is reduced and the frequency deviation is almost zero compared to conventional method.
C. Evaluation of Reduction of Rated Capacity of Battery
This section evaluates reduction of the rated capacity for Case 3. The simulation results for the energy storage ratio of the battery, ξ, and the frequency deviation, Δf , are shown in Figs. 14(a) and (b) by reducing the rated capacity of the battery from 200kWh to 100kWh(50%), 60kWh(70%), 20kWh(90%), respectively. The wind speed and the load are same. The parameters of the PI controllers are also the same values. As can be seen from Fig. 14(a) , when the rated capacity of the battery is substantially decreased such as 90%, the energy storage ratio in the battery oscillates. In addition, the frequency deviates by more than ±0.5Hz. Therefore, by using the proposed method, the rated capacity of the battery can be reduced to at least 50%.
V. CONCLUSION
This paper presents the frequency regulation by coordination control of the WTG and the battery using load estimation the with disturbance observer in a small power system. In the proposed method, the load variation is reduced by the WTG using pitch angle control in low frequency domain and the battery charge/charge in high frequency domain. By using the proposed method, the rated capacity of the battery can be reduced without charge/discharge in long-term. In addition, the WTG can contribute to the power system by generating power according to wind speed and load conditions. From the simulation results, the effectiveness of the proposed method is confirmed.
